The cactophilic Drosophila buzzatii provides an excellent model for the study of reaction norms across discrete environments because it breeds on rotting tissues (rots) of very different cactus species. Here we test the possible effects of second chromosome inversions on body size and shape (wing loading) across suitable natural breeding substrates. Using homokaryotypic stocks derived from several lines homozygous for four naturally occurring chromosomal inversions, we show that arrangements significantly affect size-related traits and wing loading. In addition, karyotypes show differing effects, across natural breeding resources, for wing loading. The 2st and 2jz 3 arrangements decrease and the 2j arrangement increases wing loading. For thorax length and wing loading, karyotypic correlations across host plants are slightly lower in females than in males. These results support the hypothesis that these traits have a genetic basis associated with the inversion polymorphism.
Introduction
Several studies have shown that inversion polymorphisms in Drosophila affect size-related traits (Ruiz et al, 1991; Hasson et al, 1992a) and body shape (Bitner-Mathé et al, 1995) . The main interest in the linking of these chromosomal polymorphisms to phenotypic variation is that this may provide a mechanistic approach for investigating the causes of natural selection acting on these widespread polymorphisms.
There is an important body of evidence showing that body size is correlated with fecundity (Robertson, 1957) , dispersal ability (Roff, 1977) , mating success (Partridge et al, 1987; Santos et al, 1988) , longevity (Santos et al, 1992; Hasson et al, 1993; Rodríguez et al, 1999; Reeve et al, 2000; Norry and Loeschcke, 2002) and development time (Partridge and Fowler, 1993; Betrán et al, 1998; Fernández Iriarte and Hasson, 2000) . Other studies have shown that body size (Thomas and Barker, 1993; Nunney and Cheung, 1997) , wing shape (Cavicchi et al, 1991; BitnerMathé and Klaczko, 1999 ) and a composite trait related to flight ability, wing loading (Stalker, 1980) , respond to environmental variation in complex ways (Loeschcke et al, 1999) , suggesting that reaction norms in these traits may be part of an adaptive exophenotypic response in Drosophila.
The cactophilic species Drosophila buzzatii provides an excellent model for the study of reaction norms across discrete environments because it breeds on rotting tissues (rots) of very different cactus species that coexist within a given locality (Hasson et al, 1992b) . Rots of different cactus species may differ in yeast diversity (Starmer, 1981) , chemical composition (Kircher, 1982) and other ecologically relevant variables such as size and relative density (Hasson et al, 1992b) . Likewise, adaptive strategies in cactophilic Drosophila may be related to the temporal and spatial predictability of different cactus species (Etges, 1993; Fanara and Hasson, 2001) . Given the potential importance of the maintenance of the genetic variation in heterogeneous environments, it is of considerable interest to test whether or not particular genotypes respond differentially to these discrete environments.
Inversion polymorphisms in D. buzzatii vary clinally along latitudinal and altitudinal gradients that are correlated with geographic variation in temperature (Hasson et al, 1995; Rodríguez et al, 2000) . Moreover, second chromosome inversions in this species have been shown to affect thorax length (Ruiz et al, 1991; Hasson et al, 1992a; Norry et al, 1995b) , longevity Rodríguez et al, 1999) , developmental time and preadult viability (Betrán et al, 1998; Fernández Iriarte and Hasson, 2000) . More surprisingly, the effects of polymorphic inversions on the latter two traits strongly depend on the cactus species where flies develop from egg to adult (Fernández Iriarte and Hasson, 2000) . Here, we test the possible effects of second chromosome inversions on body size and shape across different natural breeding resources.
Materials and methods
Flies were collected in the natural population of Otamendi (Buenos Aires Province), where D. buzzatii breeds and feeds on the necrotic cladodes of Opuntia vulgaris (see Hasson et al (1995) for a detailed description of the site of collection). This population is polymorphic for four second chromosome inversions namely: st (0.157), j (0.697), jz 3 (0.142) and jq 7 (0.004) (number of chromosomes analyzed: 816).
After six to 10 generations of sib-mating, three homozygous lines of each arrangement were used to set up four homokaryotypic stocks (see below), in order to avoid differing levels of consanguinity among stocks. ). Flies were allowed to mate and oviposit for 48 h in plastic boxes containing Petri dishes with an egg laying medium (15 g agar, 75 ml ethanol (95%), 15 ml glacial acetic acid in 1500 ml water). Dehydrated Baker's yeast was used to stimulate oviposition. Large numbers of eggs were collected and then sterilized with 50% clorox for 3 min (Starmer and Gilbert, 1982) . Eggs were allowed to hatch, and sets of 40 axenic first-instar larvae were transferred to culture vials containing 6 g of three different types of cactus media, prepared with fresh tissues of O. vulgaris (Ov), O. ficusindica (Of) or T. terschekii (Tt). Ov is the host plant in the population from which the flies were derived and constitutes a suboptimal resource (Fernández Iriarte et al, 1999) . Of is the main host plant in colonized populations of the Old World (Ruiz et al, 1986) and in some Argentinian populations and its higher amount of carbohydrates could positively affect adult fitness (Brazner et al, 1984) . Although D. buzzatii is mainly an Opuntia breeder, it can also breed on necrotic stems of various species of columnar cacti of the genera Trichocereus and Cereus in North Western Argentina (Hasson et al, 1992b) . Thus, we also included cardón, Trichocereus terschekii (Tt), as a representative of columnar cacti which, in general, are thought to have a more complex chemical composition that may affect the microflora (yeasts and bacteria) associated with the necrotic pads (Starmer, 1981; Kircher, 1982) . D. buzzatii use the rotting stems of T. terschekii as breeding and feeding sites in nature (Hasson et al, 1992b) . Estimates of viability of D. buzzatti flies in media prepared with rotting tissues of cardó n (93%) were similar to those obtained in Of and Ov (90 and 89%, respectively) (Fernández Iriarte and Hasson, 2000) . Therefore, Tt was considered as a suitable cactus host for D. buzzatii.
Pieces of cactus were ground into a blender and 6 g poured into standard vials (2.5 Â 12 cm). Vials were then autoclaved and after cooling each one was inoculated with 0.1 ml of fermenting juice obtained from naturally occurring rots of the corresponding cactus species. The fermenting juice of each cactus was obtained from several natural rots maintained by adding 10 g of fresh cactus every week. In total, 40 first-instar larvae were transferred to vials 24 h after the addition of the fermenting juice. Five replicated vials were set up per cactus medium and karyotype. Heterokaryotypic experimental individuals were obtained from both reciprocal crosses in equal proportions. Egg collecting chambers and vials were incubated at 251C.
For each karyotypic class, 25 males and 25 females reared in each cactus medium (five flies of each sex from each replicate vial) were scored for the following sizerelated traits: thorax length (TL), wing length (WL), wing width (WW), head width (HW), and face width (FW) (see Norry et al (1995a) for details). We also analyzed, as an estimate of shape, the thorax/wing length ratio (TL/WL) which is directly related to the wing loading (but see Thomas and Barker, 1993; Loeschcke et al, 1999) . All measurements were performed with a Wild microscope fitted with an ocular micrometer.
Statistical analysis
All traits were log (e) -transformed prior to analyses. ANOVAs were performed separately for each sex and trait, using karyotype and cactus species as fixed factors and replicate (vial) as a random factor nested within each fixed factor.
Genetic variability in plasticity was evaluated first in terms of genotype-by-environment (G Â E) interaction (ie, karyotype Â cactus interaction) by plotting mean values of the second chromosome karyotypes across cactus hosts. Second, we estimated the correlation between pairs of traits in different environments (Falconer and Mackay, 1996) . Karyotypic correlations (Spearman rank) and confidence interval (Zar, 1984) were estimated by using the mean value of each karyotype for each trait in each cactus medium (Fernández Iriarte and Hasson, 2000) . The first method provides a test of magnitude of G Â E interaction and the last method provides information on the direction of the interaction. A correlation of 0.8 or less indicates a substantial difference in the direction of response with 'biological significance' (Robertson, 1959) .
The linear contribution of each inversion arrangement to the phenotypic value of each trait was tested in each breeding substrate by means of linear regressions on chromosome dosage (Ruiz et al, 1991) . For each arrangement we consider the following classes (or chromosome dosage): homozygotes (chromosome dosage 2), heterozygous individuals carrying the gene order under consideration (chromosome dosage 1) and individuals not carrying the arrangement under consideration (chromosome dosage 0). This procedure allows the partition of total phenotypic variance into two components of karyotypic variance: additive, given by the proportion of variance explained by the regression (R 2 ), and nonadditive (dominance plus epistasis), given by the proportion of variation not explained by linear regression.
Since chromosome dosage for a given arrangement is a linear combination of the remaining ones we used the all-subsets methods to find the best reduced model, the one with the largest R 2 coefficient in the multiple regression.
Results
In the Appendix, we show the means and standard deviations of size and shape traits for males and females in each cactus host. In O. ficus-indica, D. buzzatii express the biggest size and increase wing loading, whereas in O. vulgaris and T. terschekii there is not a clear trend. Both cactus species and karyotype affect significantly all size-related traits and wing loading, indicating that overall body size and shape are affected, not only by the cactus where the flies developed but also by the chromosomal inversions. Significant karyotype-by-cactus interactions are found only for WW in females and FW in both sexes (Table 1) .
There is considerable variation among karyotypes in each cactus host in both sexes, which is most pronounced for wing loading (TL/WL index) (see the Appendix). Reaction norms of the different second chromosome karyotypes across the cactus host is plotted for wing loading (Figure 1 Karyotypic correlations and the corresponding confidence intervals for each trait between pairs of cactus hosts in males and females are shown in Table 2 . In general, positive and significant correlations across hosts (r s differ from zero) are observed for most size-related and shape traits, except for six out of 18 values in males and for nine out of 18 values in females, though, confidence intervals are, in general, large and very close to one. However, it should be noted that the correlations across hosts for the TL/WL ratio in females are very low and different from one.
Karyotypic correlations (using the average in the three cactus media) among size-related traits are positive and most of them significant in both males and females (Table 3) . Correlations among size-related traits and shape (TL/WL ratio) are positive but only significant for TL in both sexes and FW only in males.
Regression analysis of each trait on inversion dosage (Table 4) show that 2jq 7 affects positively and consistently all size-related traits in both sexes and in all cactus (Table 4 ). The proportion of additive variance explained by chromosome inversions (ie, R 2 for our regression model, see above) is generally higher in both Opuntias cacti (Of and Ov) than in cardó n (Tt) ( Table 4) .
Discussion
The main findings of the present study are that polymorphic second chromosome inversions affect body size and shape (wing loading) in D. buzzatii and that variation in wing loading across natural breeding substrates has a genetic basis that can be partially explained by the inversion polymorphism.
The observed general effects on size and shape (wing loading) depend on the media where flies were reared. D. buzzatti flies emerging on Opuntia ficus-indica were larger than those reared in T. terschekii and O. vulgaris. This may be related to a more restricted supply of nutrients in O. vulgaris (Fernández Iriarte et al, 1999) and T. terschekii. Thus, the nutritional quality of the different breeding sites may drastically affect size and shape traits, as shown by Starmer and Wolf (1989) for wing loading in D. mulleri, which decreased in response to increased . In this sense, an inferior nutritional quality may be the cause of the extended developmental time and the small wing loading of flies emerging from vials with seminatural media prepared with Ov and Tt. Genetic variability in plasticity among cactus species is not a significant component of variation for size-related traits, but we have shown that this component was significant for life-history traits such as developmental time and viability (Fernández Iriarte and Hasson, 2000) . Although FW showed a significant karyotype x cactus interaction, the correlations estimated for this trait among environments (cactus hosts) were not different from one. These results suggests that the same set of genes affect variation in size-related traits in different cactus hosts. However, in females the wing loading showed a slightly different picture since karyotypic correlations among environments were different from one. These observations suggest that in females different sets of loci may affect variation in wing loading across cactus hosts.
Wing loading is related to flight cost and is probably an important target of natural selection in Drosophila (Stalker, 1980; Starmer and Wolf, 1989; Barker and Krebs, 1995; Azevedo et al, 1998; Loeschcke et al, 1999) . Moreover, it has been shown that variation in this compound trait has a significant genetic basis (Azevedo et al, 1998) . Likewise, according with past directional selection on wing loading, the heritability of this trait in Drosophila buzzatii is lower than at least one of its components (TL) (Loeschcke et al, 1999) . Evidence of a G Â E interaction for wing loading was detected when flies developed at different temperatures in D. buzzatii (Thomas and Barker, 1993; Loeschcke et al, 1999) and D. melanogaster (David et al, 1994) . Similarly, temperatures plus nutritional constraints were also shown to affect wing loading in D. aldrichi and D. buzzatii (Barker and Krebs, 1995) . In the latter study, the reaction norm of wing loading was due to the compound effect of temperature and nutritional quality (Barker and Krebs, 1995) . Thus, available evidence suggest that reduced wing loading may be a response to limitations of food supply that may cause strong competition among larvae (Starmer and Wolf, 1989) . Therefore, differences in nutritional quality may be a plausible explanation for the wing loading (Figure 1 and Tables 2 and 4 ). For instance, arrangements 2st and 2jz 3 showed a decreasing effect on wing loading in both Opuntias, whereas 2j affected positively this trait mainly in T. terschekii.
In D. buzzatii natural populations frequencies variation of arrangements 2st and 2j are, respectively, positively and negatively correlated with temperature in Australia (Knibb and Barker, 1988) and 2st is negatively correlated with latitude and with altitude in South American populations (Hasson et al, 1995; Rodríguez et al, 2000) . In addition, there is evidence that wing loading decreases linearly with latitude and that reduced wing loading has an adaptive advantage for flying at cold temperatures (Stalker, 1980; David et al, 1994 ). Thus we may ask whether clinal variation of inversion frequencies along latitudinal and thermal gradients can be accounted for by the effect of inversions on wing loading. However 2st, an arrangement that decreases wing loading, has a negative correlation with latitude, exactly the opposite to that expected.
Wing loading can be also related to dispersal costs and dispersal distances (Starmer and Wolf, 1989) . Thus, lower values appear to occur among forms that must fly relatively longer distances to find breeding and feeding locations and higher wing loading might be selectively advantageous if shorter flight (hovering) is important at warm temperatures (Starmer and Wolf (1989) and citations therein). Thus, the small wing loading detected for 2st is expected to confer a better flight performance in natural populations where resources are rare, or more scattered, such as the rotting stems of T. terschekii in the arid zones of South America. The high viability (Fernández Iriarte and Hasson, 2000) and the low wing loading detected for 2st, the ancestral gene order in D. buzzatii (Ruiz and Wasserman, 1993) , in a cactus host that belongs to the group of putative ancestral host plants of the D. buzzatti cluster (Hasson et al, 1992b) , are, perhaps, aspects related to the evolutionary history of host plant utilization in this species. Thus, the ancestral gene order characterized by its small wing loading may be better adapted to exploit a host plant characterized by a patchy and scattered distribution. On the other hand, derived arrangements such as 2j with their relatively large wing loading, may be advantageous in exploiting more predictable resources such as Opuntias. Moreover, this characteristic may be a plausible explanation for the success of an inversion that has increased in frequency in relatively recent times (Cáceres et al, 2001) probably following the expansion of prickly pears.
Genetic variation in the ratio TL/WL is primarily due to TL (significant positive karyotypic correlation, Table 3 ). Thus, selection to decrease wing loading will decrease TL, but with not correlated selection for WL as reported by Thomas and Barker (1993) . However, Loeschcke et al (1999) observed another picture since variation in wing loading was apparently due to variation in distal wing length (not considered in our studies) but they found also that wing loading has a marginally significant correlation with thorax length. Since these traits could vary along a latitudinal cline (Barker and Krebs, 1995; Azevedo et al, 1998 ) the patterns of genetic correlations between size and shape traits could be different among populations.
Regression analysis show that both 2jq 7 and 2j increase the size of adult flies in general agreement with previous studies (Ruiz et al, 1991; Hasson et al, 1992a; Norry et al, 1995b; Fernández Iriarte and Hasson, 2000) , but only the former had a consistent effect in all cactus hosts (Table 4) . Conversely, inversions 2st and 2jz 3 decreased size. However, it is important to note that in other studies it has been shown that the latter has a positive effect on body size (Ruiz et al, 1991; Hasson et al, 1992a) which along with the present results suggest that the effects of 2jz 3 on size-related traits may depend on the rearing medium, that is, a genotype by environment interaction not detected previously. Perhaps, the most interesting observation is the strong effect observed for 2jq 7 on all traits studied. This inversion is either rare or absent in natural populations of the New World (Hasson et al, 1995) but increased substantially in frequency during the colonization of the Old World (Fontdevila, 1989) . The finding that 2jq 7 strongly increases body size in different breeding resources is particularly interesting because this inversion is known to extend developmental time in all natural breeding resources tested (Fernández Iriarte and Hasson, 2000) .
Karyotypic correlations of TL/WL index across host plants are slightly smaller in females than in males suggesting that males have a weaker response than females to environmental variation. Similar findings have been reported in D. melanogaster for several morphological traits (Cowley and Atchley, 1990 ) and for body weight among flies raised with different larval foods (Hillesheim and Stearns, 1991) . A similarly asymmetrical response of the sexes, measured as wing asymmetry, has been reported in D. buzzatii populations exposed to temperature stress, suggesting that females are less tolerant to stress than males (Loeschcke et al, 1994) .
We have presented here new evidence concerning the effects of the adaptive inversion polymorphism in D. buzzatii; however, the characterization of QTLs associated to size and shape traits, mapping on the second chromosome of D. buzzatii, would allow a better understanding of the complex interaction among the exophenotype, the genotype and fitness associated with the inversion polymorphism in Drosophila. 
